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Abstract 

We present the optical properties of Nao.yCo02 single crystals, measured over a broad spectral 
range as a function of temperature (T). The capability to cover the energy range from the far- 
infrared up to the ultraviolet allows us to perform reliable Kramers-Kronig transformation, in 
order to obtain the absorption spectrum (i.e., the complex optical conductivity). To the complex 
optical conductivity we apply the generalized Drude model, extracting the frequency dependence 
of the scattering rate (r) and effective mass (m*) of the itinerant charge carriers. We find that 
r(cj) ~ u> at low temperatures and for uj > T. This suggests that Nao.7Co02 is at the verge of a 
spin-density-wave metallic phase. 

PACS numbers: 78.20.-e, 74.70.Dd, 75.30.Fv 
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The discovery of superconductivity at 5 K in hydrated sodium cobaltate[l] has attracted 
considerable attention. How water inclusion triggers superconductivity in Na x Co02 is not 
fully understood yet. The investigation of non- hydrated sample is therefore of relevance 
and a considerable research effort has been devoted to Na x Co02 specimens with x ranging 
between 0.3 and 0.75. As x increases from 0.3, the ground state goes from a paramagnetic 
metal to a charge-ordered insulator for x = 0.5 to a Curie- Weiss metal around 0.7 and finally 
to a weak- moment magnetically ordered state for x > 0.75 (Ref. 2). This latter phase is 
supposed to be equivalent to a so called spin-density-wave (SDW) metal. Several recent 
investigations [3, 4, 5], based on magnetic, thermal and transport properties as well as muon 
spin spectroscopy, indicate the formation of a SDW metallic state for x = 0.75. 

Optical experiments are well-known tools in order to achieve information about the elec- 
trodynamic response of the investigated system, and to shed light on its electronic structure. 
From the absorption spectrum one can also extract the effective mass and the scatter- 
ing rate of the itinerant charge carriers. Lupi et al. measured the optical conductivity of 
Na x Co0 2 (for x = 0.57) and reported an "anomalous Drude" behavior, where the charge 
carrier have an effective mass of 5mb and their scattering rate is T(lu) = ~ uj 3 ^ 2 (Ref. 6). 
Wang et al. optically investigated Nao.7Co02, mainly focusing their attention on the high 
frequency spectral range. They found two broad interband transitions at 1.6 eV and 3.2 eV 
ascribed to the t 2g — e g band transitions by invoking the effect of the exchange splitting[7]. 
Additionally, a mid-infrared peak at about 0.4 eV was attributed to interband transition 
within the t 2g manifold or to the electronic correlation effect. At lower frequencies a non 
simple Drude intraband response was detected, as well [7]. 

In this short communication, we offer our optical investigations on high quality 
Nao.7Co02 single crystals. Our specimens have a size 2x2 mm and were grown by the 
flux methods as thoroughly described elsewhere [8]. Samples from the same batch were fur- 
thermore characterized by the dc transport measurements [9]. The temperature dependence 
of the resistivity p(T) (not shown here) within the ah plane displays a linear behavior in 
temperature from 300 down to 100 K, as well as below 100 K, however with a smaller slope, 
in agreement with data of Ref. 2 and 10. We performed optical reflectivity measurements 
from the far-infrared (FIR) up to the ultraviolet (i.e., 5 meV- 12.4 eV) as a function of 
temperature between 10 and 300 K. Measurements were performed also in a magnetic field 
up to 7 T. No changes in the spectra were however found as a function of field. Our inves- 
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tigations covers the largest spectral range addressed so far on Na x Co0 2 . Details pertaining 
the experiments can be found elsewhere [1 1 , 12]. 

Figure 1 displays in the top panel the optical reflectivity K(u). Beside some absorption 
at about and above 1 eV, one can recognize the quite sharp plasma edge feature with onset 
at ~ 0.7 eV. K(uj) increases with decreasing temperature below 0.2 eV, indicative for the 
metallic character of Nao.7Co02- Furthermore, we clearly see at 0.07 eV the infrared-active 
phonon mode. Our data bears an overall similarity with the finding of Lupi et al. for 
Na .57CoO 2 (Ref. 6). There is also a rough agreement with the optical response measured 
on Na .7CoO 2 by Wang et al.[7] In this latter data, there is a crossing of the R(u) spectra 
around 0.1 eV and the formation of a bump at about 0.03 eV with decreasing temperature, 
for which neither our spectra nor those of Lupi et al. give a clear cut evidence. 

The bottom panel of Fig. 1 shows the real part <Ti(u) of the optical conductivity. 
We have extrapolated the R(u;) spectra towards zero energies with the Hagen-Rubens 
extrapolation [11, 12], using dc values of the conductivity in agreement with the transport 
results[2, 5, 10]. Standard extrapolation of R(u) ~ uo~ s (with 2 < s < 4) were employed at 
high frequencies. It is easy verified that the main conclusions of our work are fully indepen- 
dent from the employed extrapolations due to the extremely broad measured spectral range. 
As expected from the R(u>) spectra, the effective intraband metallic component in ai(u) is 
enhanced below 0.03 eV and the (J\{uj — > 0) limit increases with decreasing temperature, as 
typical for a metallic system. At higher frequencies we recognize a weak feature at 0.4 eV 
(A) followed by more pronounced and well defined features at 1.4 eV (B,) at 2.8 eV (C), at 
4.8 eV (D), and at 10 eV (E). These latter absorptions are in fair agreement with the data 
of Wang et al.[7] and in good accord with the recent findings obtained with the ellipsometry 
method[13]. Furthermore, angle resolved photoemission results identify electronic excita- 
tions at 0.7, 3, 4.1, 6 and 11 eV (Ref. 14). In passing, we note that some of the detected 
absorptions could be ascribed to electronic interband transitions involving the Co 3d ti g and 
e g manifolds and their exchange splitting[15, 16]. 

The metallic component of cri(u>) cannot be fully reproduced by a simple Drude term, the 
most common description for simple metals, also successfully applied in several oxides. The 
optical conductivity can be alternatively described in terms of an " anomalous or generalized 
Drude" model, where both the effective mass m*(uo) and the scattering rate r(u;) of the 
itinerant charge carriers are allowed to depend on frequency. We analyze the complex 
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optical conductivity d{uj) = cri(u) + 202 (cj) by applying the following expression: 




(1) 



By inverting eq. (1) we obtain: 




(2) 



(3) 



m b An to lo- 



in practice, we use ct(uj), obtained by the Kramers-Kronig analysis, in order to evaluate 



weight associated with the itinerant charge carriers, and it can be estimated by integrating 
(7i(u) from zero frequency up to a cut-off frequency u c coinciding with onset of electronic 
interband transitions. We choose oo c ps 0.63 eV, giving a value of uo p ~ 1.17 eV. Figure 2 
displays the frequency dependence of the scattering rate Y below 0.2 eV. For clarity, the 
depletion of r(u;) at 0.07 eV, due to the phonon mode, has been removed from the data (see 
below). We remark moreover that m*(ou) (not shown here) weakly increases with decreasing 
frequency at all temperatures, reaching a value of about 5rrib in the limit u — > 0. This agrees 
with Lupi's data[6]. 

As expected, T(u) decreases with decreasing temperature. Over a very broad spectral 
range, extending up to about 0.15 eV, T(tu) can be fitted with the power law expression: 



We establish that a ~ 1 for temperatures below about 50 K. T(u) ~ uj might be indicative 
of a non- Fermi liquid behavior in Na .7CoO 2 . The exponent a (Fig. 3a) tends nevertheless 
to decrease at higher temperatures (e.g., a = 0.75 at 200 K). We emphasize at this point 
that our fit after eq. (4) is not affected by the ad-hoc phonon subtraction. The inset of Fig. 
2 shows indeed that even the original curve of T(lj) at 10 K can be well fitted by eq. (4) 
with a — 1. The same applies for all temperatures, making our analysis of T(uj) robust. The 
linear frequency dependence of T(u) at u > T pairs with the linear temperature dependence 
of p dc {T) for T < 100 K in the compound with 71 % Na content [2, 9]. 

Ruvalds and Virosztek proposed a while ago a Fermi-surface nesting scenario for describ- 
ing the optical properties of superconducting oxides[17]. They showed that Fermi-surface 



the frequency dependence of the effective mass and scattering rate, is the spectral 
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nesting modifies the electron-electron scattering and therefore yields an unusual variation 
of the optical reflectivity. Within this scenario, also applicable for the charge- and spin- 
density-wave state where nesting is an essential ingredient [17], the effective Drude compo- 
nent is characterized by a relaxation rate that is linear in frequency for u > T (Fig. 2). 
Ruvalds and Virosztek[17] also predicts that T(u — > 0) ~ T, as verified in Fig. 3b, where 
r(c<j) in the static limit u — > as a function of T is shown. Furthermore, R(cu) is linear in u 
in a broad spectral range (inset of Fig. 1), in agreement with the theory [17]. Our findings 
in Na .7CoO 2 support the Fermi-surface nesting scenario. Consequently, considering the 
phase diagram reported in Ref. 2, we can then affirm that Na .7CoO 2 seems to be at the 
verge of a SDW metallic phase. The linear frequency dependence of r(u;) at low tempera- 
tures differs from the conclusion of Lupi et al. on Nao.57Co02, for which a ~ 3/2 (Ref. 6). 
This could be explained by the different stoichiometry of the samples. Nao.5?Co02 is quite 
close to the charge-ordered insulating boundary (at x = 0.5) between a paramagnetic metal 
and a Curie- Weiss metal[2]. On the contrary, our sample Na .7CoO 2 is located in the phase 
diagram[2] well within the Curie- Weiss metal sector and is close to the boundary (at least for 
low temperatures) of the SDW metallic phase. We shall finally note that after Ref. 17 a non 
Fermi liquid-Fermi liquid crossover is not excluded at very low temperatures in the case of 
an imperfect Fermi-surface nesting. This would be in agreement with the dc-transport data 
on Na .7CoO 2 . Indeed for T < 1 K, p(T) displays a typical Fermi liquid T 2 behavior [18]. 

In conclusion, we have provided the complete absorption spectrum of Nao.7Co02- The 
frequency dependence of the scattering rate of the itinerant charge carriers is extracted 
from the complex optical conductivity, and we have established that Y[ui) ~ uj at low 
temperatures. Nao.7Co02 seems to be in the proximity of a spin-density-wave metallic state. 
It turns out [2] that the exact stoichiometry plays an essential role in defining the intrinsic 
physical properties of Na :E Co0 2 . As future outlook, we wish to fine tuning the Na content 
x between 0.7 and 0.85 and study the corresponding optical response. The SDW metallic 
phase for x > 0.75 is an appealing scenario, supported by various experimental results, but 
might be not the unique one. Interestingly enough, Bernhard et al. [13] found evidence for a 
polaronic band in the case of x = 0.82. 

The authors wish to thank J. Miiller for technical help and A. Perucchi for fruitful dis- 
cussions. This work has been supported by the Swiss National Foundation for the Scientific 
Research. 
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FIG. 1: (Color online) Reflectivity (top panel) and real part ct\{oj) of the optical conductivity 
(bottom panel) of Nao.7Co02 at selected temperatures. The four high frequency absorptions in 
a\{u)) are labeled (see text). Inset: R(u>) at 10 K between and 0.2 eV, emphasizing the linear 
behavior of R(w) at low energies. 
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FIG. 2: (Color online) Frequency dependence of the scattering rate and its fit according to eq. (4) 
at selected temperatures. Note that the IR active phonon has been subtracted in order to better 
highlight the linear or sub-linear fit. Inset: the original curve of T(lo) (i.e., comprehensive of the IR 
phonon at 0.07 eV) at 10 K is shown with the fit after eq. (4) with a = 1. The phonon subtraction 
does not affect the fit of T(tv). This is true at all temperatures. 
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FIG. 3: (a) Temperature dependence of the exponent a in eq. (4). (b) Temperature dependence 
of r((j) in the static limit uj — > 0. Y{uj — > 0) can be well approximated by a linear fit. 
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